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Expression and Function of Cell Surface Extracellular Matrix Receptors 
In Mouse Blastocyst Attachment and Outgrowth 
A. E. S u t h e r l a n d , *  P. G. Calarco ,*  a n d  C. H.  Damsky*~ 

Departments of *Anatomy and ~ Stomatology, University of California, San Francisco, San Francisco, California 94143 

Abstract. Mouse-hatched blastocysts cultured in vitro 
will attach and form outgrowths of trophoblast cells on 
appropriate substrates, providing a model for implanta- 
tion. Immediately after hatching, the surfaces of 
blastocysts are quiescent and are not adhesive. Over 
the period 24-36 h post-hatching, blastocysts cultured 
in serum-free medium become adhesive and attach and 
spread on the extracellular matrix components 
fibronectin, laminin, and collagen type IV in a ligand 
specific manner. Attachment and trophoblast outgrowth 
on these substrates can be inhibited by addition to the 
culture medium of an antibody, anti-ECMr 
(anti-extracellular matrix receptor), that recognizes a 
group of 140-kD glycoproteins similar to those of the 
140-kD extracellular matrix receptor complex (inte- 
grin) recognized in avian cells by CSAT and JG22 
monoclonal antibodies. Addition to the culture 

medium of a synthetic peptide containing the Arg-Gly- 
Asp tripeptide cell recognition sequence of fibronectin 
inhibits trophoblast outgrowth on both laminin and 
fibronectin. However, the presence of the peptide does 
not affect attachment of the blastocysts to either 
ligand. Immunoprecipitation of 125I surface-labeled em- 
bryos using anti-ECMr reveals that antigens recog- 
nized by this antibody are exposed on the surfaces of 
embryos at a time when they are spreading on the 
substrate, but are not detectable immediately after 
hatching. Immunofluorescence experiments show that 
both the ECMr antigens and the cytoskeletai proteins 
vinculin and talin are enriched on the cell processes 
and ventral surfaces of trophectoderm cells in embryo 
outgrowths, in patterns similar to those seen in fibro- 
blasts, and consistent with their role in adhesion of the 
trophoblast cells to the substratum. 

H ESIV E interactions, between cells, and between cells 
and their surrounding extracellular matrix, are im- 
portant in many developmental events. Changes in 

cell-cell and cell-matrix interactions are required for the in- 
gression of both sea urchin primary mesenchyme cells (Fink 
and McClay, 1985) and chick endocardial cells (Markwald 
et al., 1975, 1977), while cell-matrix interactions are in- 
volved in the morphogenesis of branching organs, such as 
salivary gland (Banerjee et al., 1977; Bernfield and Banerjee, 
1982) and lung (Bluemink et al., 1976; Grant et al., 1983). 
In addition, cellular migration through an extracellular ma- 
trix (ECM) ~ is a fundamental part of the morphogenesis of 
many other tissues including the cornea (Toole and Trelstad, 
1971; Bard et at., 1975), the endocardial cushions (Manasek, 
1968; Markwald et at., 1975, 1977) and all the derivatives of 
the neural crest (Weston, 1983; Erickson, 1986). 

The earliest detectable adhesive interactions between cells 
in the early mouse embryo occur at the eight-cell stage when 
the blastomeres of the mouse embryo become closely ap- 
posed in a process known as compaction (Lewis and Wright, 
1935; Ducibella and Anderson, 1975). This morphogenetic 
event is dependent upon intercellular interactions: treatment 

1. Abbreviathms used in this paper: Anti-Col IV, anti-collagen IV; anti-fn, 
anti-fibronectin: anti-Ln, antilaminin; ECM, extracellular matrix; Vnc, 
vinculin. 

of embryos with antibodies to the cell-adhesion molecule 
cell-CAM 120/80 (also known as uvomorulin or E-cadherin), 
will prevent compaction as well as subsequent blastocoete 
formation (Damsky et al., 1983; Peyrieras et al., 1983; 
Shirayoshi et al., 1983). Treatment of mouse morulae with 
UDP-galactose (Shur et al., 1979; Bayna et al., 1986) can 
also inhibit blastocyst formation, suggesting a role for cell 
surface galactosyltransferases in blastomere adhesion. 

During the peri-implantation period after hatching of the 
blastocyst from the zona pellucida, the outer epithelial layer 
of the embryo, known as the trophectoderm, differentiates to 
form trophoblast (Hsu, 1971). These cells show considerable 
protrusive activity and become highly adhesive to the sub- 
strate; characteristics that will lead, in vivo, to implantation 
in the uterus, and in vitro, to formation of an embryo out- 
growth, considered a model for implantation (Mintz, 1964; 
Cole and Paul, 1965; Gwatkin, 1966a,b; Enders et al., 
1981). 

The formation of outgrowths is dependent upon the pres- 
ence of suitable culture conditions (Spindle and Pedersen, 
1973; Hsu, 1971, 1973). FCS and amino acids are required in 
the medium to obtain trophoblast spreading with differentia- 
tion of ectoderm and endoderm, while further modifications 
are required to obtain development to subsequent stages 
(Hsu, 1978). An important requirement for trophoblast out- 
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growth is the presence of a suitable substrate for trophoblast 
attachment and spreading; embryos cultured on agarose will 
not form outgrowths even in the presence of serum (Wilson 
and Jenkinson, 1974). Early studies showed that matrices of 
rat-tail collagen would support trophoblast spreading in the 
absence of serum, although no differentiation of inner-cell 
mass cells was seen under these conditions (Wilson and 
Jenkinson, 1974). More recently, it has been reported that 
substrates of the adhesive molecules fibronectin or laminin 
will also support trophoblast spreading in serum-free me- 
dium (Armant et al., 1986a). 

The ability of blastocysts to attach and spread on these 
defined ligands suggests the presence of specific cell surface 
receptors. A complex of cell-matrix adhesion-related glyco- 
proteins of Mr 140,000 has been described in mammalian 
(Knudsen et al., 1981; Damsky et al., 1981; Brown and 
Juliano, 1985, 1986) and avian (Neff et al., 1982; Greve and 
Gottlieb, 1982) cells, that has properties of both a fibronectin 
and a laminin receptor (Horwitz et al., 1985, 1986; Hasa- 
gawa et al., 1985; Akiyama et al., 1986; Hall et al., 1987; 
Tomaselli et al., 1987). This complex, recently named inte- 
grin in the avian system (Tamkun et al., 1986), has been 
shown to be a member of a broad family of adhesion receptor 
complexes interacting with their respective ligands via cell 
recognition sites containing the tripeptide Arg-Gly-Asp 
(Pierschbacher et al., 1984b). Among these are the fibronec- 
tin, vitronectin, and fibrinogen receptors (Pytela et al., 
1985a, b; see reviews by Ruoslahti and Pierschbacher, 1986; 
Hynes, 1987). 

The Mr 140,000 avian integrin complex is involved in the 
migration of neural crest cells (Bronner-Fraser, 1985, 1986) 
and in neurite outgrowth from sympathetic neurons (Hall et 
al., 1987). In addition, changes in its distribution correlate 
with the morphogenetic changes in the developing chick lung 
(Chen et al., 1986). A role for this receptor complex during 
implantation of the mouse embryo has also been postulated, 
since an antiserum, anti-GP140, which recognizes this 
receptor complex in mammalian cells (Knudsen et al., 1981; 
Damsky et al., 1982) blocks attachment of hatched blas- 
tocysts to tissue culture plastic in the presence of serum 
(Richa et al., 1985). In addition, synthetic hexapeptides con- 
raining the Arg-Gly-Asp tripeptide will inhibit trophoblast 
outgrowth on fibronectin (Armant et al., 1986b). In this 
study, we have examined whether blastocysts express the 
140-kD adhesion receptor family at a time and location con- 
sistent with its proposed function in implantation, and 
whether blastocysts specifically recognize defined sub- 
strates, such as fibronectin, laminin and collagen type IV, 
that they are likely to encounter during invasion of the uterine 
stroma. 

Materials and Methods 

Antisera and Peptides 
Antibodies used included rabbit anti-fibronectin (anti-Fn; Cappel Labora- 
tories, Cochranville, PAL rabbit anti-laminin (anti-Ln, gift of Dr. Deborah 
Hall, University of California, San Francisco), affinity purified rabbit 
anti-type IV collagen (anti-Col IV; purchased from Dr. Heinz Furthmayr, 
Yale University, New Haven, CT) and goat anti-ECMr (formerly called 
anti-GPl40; Knudsen et al., 1981). Anti-ECMr was produced in a goat by 
Dr. Karen Knudsen against a purified glycoprotein fraction of baby hamster 
kidney (BHK) cells, that consisted predominantly of a group of cell-substra- 
tum adhesion proteins of Mr 120,000-160,000 (Knudsen et al., 1981; Dam- 

sky et al., 1982). All of the above antibody preparations were used as 
purified IgG fractions; anti-ECMr was also used as an antiserum in some 
experiments. Rabbit antiserum against the cytoskeleton associated protein 
talin (Burridge and Connell, 1983) purified from chicken gizzard, was a gift 
of Dr. Mary Beckerle, University of Utah [Salt Lake City, UT] and Dr. 
Keith Burridge, University of North Carolina [Chapel Hill, NC]. Monoclo- 
nal antibodies to vinculin (anti-Vnc) were purchased from Miles Scientific 
(Naperville, IL). Anti-fibronectin receptor (anti-FNR) antiserum was a gift 
of Drs. Erkki Rouslahti and Michael Pierschbacher (La Jolla Cancer Re- 
search Foundation, La Jolla, CA). Anti-entactin antiserum was a gift of Dr. 
Albert Chung (University of Pittsburgh, Pittsburgh, PA). To remove any 
contaminating anti-Ln antibodies from the anti-entactin, 100 I.tl of a 1:10 
dilution of anti-entactin serum was absorbed on one well of a 96-well plate 
that had been coated with 100 I.tl of 25 I.tg/ml Ln for 2 h and rinsed three 
times with PBS containing 0.2% BSA. The absorbed serum retained its ac- 
tivity for entactin, as assessed by immunoblot analysis, and was used in out- 
growth experiments without further dilution. Purified laminin (Ln) was a 
gift of Dr. Deborah Hall, while purified fibronectin (Fn) and collagen type 
IV (Col IV) were purchased from Collaborative Research (Lexington, MA). 
Purified vitronectin was a gift of Drs. Erkki Ruoslahti and Michael Piersch- 
bacher. 

Two different types of synthetic hexapeptides were used in the experi- 
ments described below: (a) Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP). This 
hexapeptide contains the tripeptide cell-binding region of fibronectin, and 
is active in preventing the adhesion of cultured cells to fibronectin (Piersch- 
bacher and Ruoslahti, 1984a: Yamada and Kennedy, 1984; Ruoslahti and 
Pierschbacher, 1986). (b) Gly-Arg-Gly-Glu-Ser-Pro (GRGESP). This hexa- 
peptide contains one amino-acid substitution relative to the first hexapep- 
tide, and does not prevent the adhesion of cultured cells to fibronectin 
(Pierschbacher and Ruoslahti, 1984b). The peptides used were obtained 
from two different sources, from Peninsula Laboratories, Belmont, Calitor- 
nia, and as gifts from Drs. Michael Pierschbacher and Erkki Ruoslahti (La 
Jolta Cancer Research Foundation). Peptides were used at 250 and 500 
~tg/ml. 

Embryo Culture 

Female ICR mice (12-w-old, Harlin) were superovulated by injection with 
5 IU of pregnant mare's serum gonadotropin (Teikoku Hormone Mfg. Co., 
Japan) followed after 48 h by an injection of 2.5 IU of human chorionic 
gonadotropin (hCG, Sigma Chemical Co., St. Louis, MO) and were then 
caged with ICR males. Embryos were collected at the 2-cell stage (48 h post- 
hCG injeoion) and cultured for 96 h to the hatched blastocyst stage (144 h 
post-hCG) in microdrops of embryo culture medium (Biggers et al., 1971) 
under mineral oil, at 37~ in a humid atmosphere of 5% CO2 in air. Em- 
bryos were routinely cultured in vitro to the blastocyst stage instead of being 
flushed from the uterus at the blastocyst stage, since a much higher yield 
of embryos is obtained this way. The in vitro culture period does not affect 
the process of development. 

Experimental Culture 

Antibody and peptide dilutions were prepared either in Eagle's Basal 
Medium (BME) supplemented with 4 mg/ml BSA and 1% Nutridoma-HU 
(Boehringer Mannheim Biochemicals) (modified from Spindle, 1980); or 
in CMRL medium 1066 (Gibco, Grand Island, NY), supplemented with 0.5 
mg/ml calcium lactate, 0.05 mg/ml sodium pyruvate, 4 mg/ml BSA (Sigma 
Chemical Co.), and 1% Nutridoma-HU (Armant et al., 1986b). All media 
(with or without antibody or peptide) were filter-sterilized using syringe-tip 
filters of 0.45 I.tm pore size (Millipore, HV) as they were loaded into the 
previously prepared wells (see below). 

Substrates for experimental culture were prepared essentially as de- 
scribed previously (Giancotti et al., 1985) in 96-well tissue culture dishes 
with flat bottom wells (Falcon, No. 3075). Coating solutions used were: Ln 
(25 tag/ml), Fn (10 lag/ml), Col IV (25 ~tg/ml), vitronectin (20 ~tg/ml), or 
BSA (25 Ixg/ml). The coated wells were rinsed twice with sterile PBS, oncc 
with medium, then filled with the appropriate antibody or peptide dilution 
for the experiment and equilibrated at 37~ for 30-60 rain. 

Hatched blastocysts (144 h post-hCG) were collected and rinsed in 
medium in agarose-coated dishes, then placed into the previously prepared 
wells, at 10-30 embryos per well, and incubated for 48-72 h. Outgrowth 
was examined at various times during the culture period with a Nikon Di- 
aphot inverted microscope equipped with Hoffman Modulation Contrast op- 
tics, and photographed using Kodak Tri-X film. Embryo attachment in the 
absence of spreading was quantified by gently blowing a small amount of 
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medium on each embryo, using a glass pipette pulled to a very fine bore. 
Those that did not move were considered to be attached. 

The extent of spreading in peptide incubation experiments was obtained 
by photographing embryos at a magnification of 20• printing each negative 
at the same size, and then measuring the area of each outgrowth using a Nu- 
monics digitizer. The final value for each embryo was calculated as the aver- 
age of three tracings, and the final value for each treatment was calculated 
as the average of the values from at least 11 embryos. 

I m m u n o f l u o r e s c e n c e  

For immunofluorescence examination of hatched blastocysts (144 h post- 
hCG) in suspension, a group of 20-50 hatched blastocysts were rinsed in 
PBS and then fixed for 30 rain in freshly prepared 2% paraformaldehyde 
in PBS (pH 7.3). Embryos were reacted with 0.15 M glycine in PBS for 15 
rain to block free aldehyde groups, followed by rinsing in PBS containing 
0.5% BSA (PBS-BSA) to prevent nonspecific antibody binding. Embryos 
were then incubated for 60 rain in primary antibody. After a series of rinses 
in PBS-BSA, the embryos were incubated for 30 min in affinity-purified 
fluorescein-conjugated secondary antibody, rinsed again in PBS-BSA, 
mounted on slides and viewed on a Zeiss Universal microscope outfitted for 
epifluorescence. 

For immunofluorescence examination of embryo outgrowths, circular 
glass coverslips (Fisher, 12 mm) were coated, as described above for the 
96-well plates, with Fn (10 gg/ml). After coating, the coverslips were placed 
into 35-mm petri dishes (Falcon, No. 1008; five coverslips per dish), cov- 
ered with medium, and 10-20 hatched blastocysts (144 h post-hCG) were 
placed on each coverslip. After 48-72 h culture, embryo outgrowths were 
rinsed, fixed, and reacted with 0.15 M glycine in PBS to block free aldehyde 
groups, as described above for the hatched blastocysts. They were then per- 
meabilized with a 3-rain treatment in acetone at -20~ and subsequently 
incubated in PBS containing 0.5% BSA to prevent non-specific antibody 
binding. After several rinses in PBS, the outgrowths were incubated for 60 
min in either anti-ECMr, anti-FNR, anti-Vnc, anti-talin, or nonimmune 
antibodies (or combinations of two of the above for co-localization experi- 
ments). The embryos were then rinsed five times in PBS and incubated in 
affinity-purified fluorescein-conjugated and/or rhodamine-conjugated sec- 
ondary antibodies (Cappel Laboratories) for 60 min, then rinsed a further 
five times in PBS, and mounted on slides in mounting medium containing 
p-phenylene diamine to prevent quenching of the fuorescent signal. Em- 
bryos were examined with a Zeiss Universal microscope outfitted for 
epifluorescence, and photographed using Kodak Tri-X film. 

Radiolabeling of Cells and Embryos 
Cultured cells (mouse mammary tumor epithelial cells [MMTE], or human 
trophoblast cells IJAR]), hatched blastocysts (144 h post-hCG), and embryo 
outgrowths (216 h post-hCG) were surface labeled with J25I using the 
lactoperoxidase-glucose oxidase catalyzed radioiodination method. Both 
the cultured cells and the hatched blastocysts were labeled in suspension. 
Cells were harvested using 2 mM EDTA, 0.5% BSA in PBS, rinsed three 
times with 20 mM glucose in PBS (PBS-Glucose), then resuspended in 1 
ml of the same buffer. Lactoperoxidase (50 ~g; Boehringer-Mannheim Bio- 
chemicals), glucose oxidase (50 U; Sigma Chemical Co.), and Nat251 (400 
laCi; Amersham) were then added and the reaction was allowed to proceed, 
with mixing, for 10 min on ice. After labeling, cells were rinsed three times 
in DME (UCSF Cell Culture Facility) and resuspended in one ml of DME. 
For radiolabeling of hatched blastocysts, a group of 300 hatched blastocysts 
was suspended in 200 Itl of PBS-Glucose, and lactoperoxidase, glucose oxi- 
dase, and Na[~25I] were added. The iodination reaction was allowed to pro- 
ceed for 10 rain on ice, and the embryos were then rinsed three times in 
DME and resuspended in 200 lal of DME. For radiolabeling of embryo out- 
growths, a group of 200 72-h embryo outgrowths in one well of a 96-well 
plate (Costar) was rinsed six times with PBS-Glucose, then left in a final 
volume of 200 I.tl of the same buffer. Lactoperoxidase, glucose oxidase, and 
Na[~51] were added and reacted with the embryos for 10 min on ice. The 
outgrowths were then rinsed l0 times with DME and left in a final volume 
of 200 txl. 

Immunoprecipitation 
For immunoprecipitation of radiolabeled proteins, either normal goat or 
anti-ECMr antibodies were added to the intact labeled cells, hatched 
blastocysts, and embryo outgrowths. In the case of  outgrowths, t0 I.tg of cold 
Fn was added to the mixture to reduce non-specific precipitation of Fn sub- 
strate labeled during the iodination of the attached outgrowths. All samples 

Figure 1. Cinemicrographic observations of  mouse blastocyst out- 
growth. Embryos were put into culture for filming at 147 h post- 
hCG. (A) Immediately post-hatching; none of  the embryos are 
attached, and none show any protrusive activity. (B) 10 h post- 
hatching; protrusive activity is evident in two of  the three embryos 
(arrows). (C) 15 h post-hatching; spreading is seen in one of  the em- 
bryos (arrows). (D) 20 h post-hatching; trophoblast  spreading has 
become prominent  in one embryo,  is just  beginning in another, and 
has yet to begin in a third. 

were then incubated on ice for 1 h, rinsed three times with PBS, and lysed 
for 30 rain in lysis buffer (200 mM octytglucoside, 1 mM PMSF in PBS) 
with frequent agitation. Cell or embryo lysates were spun for 20 min in the 
cold at 12.000 rpm to pellet nuclei and other insoluble components, and the 
resulting supernatant was precleared twice on 100 p.1 pellets of unconjugated 
Sepharose 4B beads (Pharmacia Fine Chemicals, Piscataway, N J) for 30 
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Figure 2. Embryo outgrowth on defined substrates in serum-free medium. (A) Fn substrate (10 lag/ml). (B) Ln substrate (25 I.tg/ml). (C) 
Col IV substrate (25 /ag/ml). (D) BSA substrate (25 Ixg/ml). Bars, 100 I.tm. 
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min at 4~ with mixing. The precleared supernatant was then incubated on 
a 100 lUl pellet of Protein A-Sepharose 4B beads (Pharmacia Fine Chemi- 
cals) for 1 h at 4~ with mixing. The beads were pelleted with a low-speed 
spin, and washed with a series of buffers: (a) Tris-NP40 buffer (0.05 M Tris, 
pH 8.0, 0.4 M NaCI, 0.005 M EDTA, 1% NP40) (TNB)+ (b) TNB with 0.1% 
SDS. (c) TNB with 1.0 M NaCI+ After washing, the beads were pelleted 
and resuspended in electrophoresis sample buffer without 2-mercapto+ 
ethanol, and the immunoprecipitated proteins solubilized by heating the 
sample at 100~ for 3 min. In some experiments, the surface labeled em- 
bryos and cells were lysed and spun for 10 min in a microfuge before a 1-h 
incubation with the primary antibodies. After primary antibody incubation, 
the lysates were precleared with unconjugated Sepharose beads and immu- 
noprecipitation was performed as described above. 

Polyacrylamide Gel Electrophoresis 
Immunoprecipitates were analyzed under non-reducing conditions after the 
method of Laemmli (1970) using 7.0% polyacrylamide slab gels containing 
SDS. Prestained molecular weight markers (BRL) were used, and consisted 
of myosin (200 kD), phosphorylase b (97.4 kD), and BSA (68 kD). The gels 
were stained with Coomassie Brilliant Blue, fixed, dried down, and exposed 
to X-ray film (Kodak XAR-5). 

Cinemicrography 
Hatched blastocysts (144 h post-hCG) were placed in a microdrop of BME 
medium under oil in a Falcon 35-ram tissue culture dish which had been 
equilibrated at 37~ for 4 h. The cover of the dish was inverted and two 
holes bored into opposite sides; one a pinhole, the other large enough to 
accept a syringe tip. The cover was then sealed onto the dish using high 
vacuum grease (Dow Coming Corp., Midland, MI)+ A piece of tubing was 
inserted into the large hole in the cover, and attached at the other end to 
a tank containing 5% CO2 in air. The flow of gas was adjusted to a level 
that did not disturb the surface of the oil. 

The chamber was then placed into a stage heater (Steier, 1975) controlled 
by a proportional temperature controller (Yellow Springs, model No+ 72) on 
the stage of a Nikon Diaphot inverted microscope outfitted with Hoffman 
Modulation Contrast optics. The embryos were filmed using a 10• objec- 
tive, and their development recorded on Kodak Tri-X reversal film with a 
Bolex H-16 camera controlled by a Nikon CFX intervalometer. Frames were 
taken at 30-s intervals. 

Results 

Normal Outgrowth Formation by Hatched Blastocysts 
Blastocyst outgrowth in culture is asynchronous among em- 
bryos and occurs after hatching of the embryo from its zona 
pellucida. Immediately after hatching, blastocysts are not 
adhesive and when viewed by time lapse cinemicrography 
their surfaces are quiescent (Fig. 1 A). After 10-12 h in cul- 
ture in serum-containing medium, the trophoblast cells of 
most embryos show signs of protrusive activity (Fig. 1 B)+ 
Spreading is first detectable in the faster-developing embryos 
after 15 h in culture (Fig. 1 C), and becomes extensive after 
20-24 hours; other embryos have yet to begin spreading at 
this time (Fig. 1 D). By 36 h in culture, the slower-developing 
embryos have also begun to spread, and by 48 h all have 
formed extensive outgrowths. This sequence of events is 
similar when the embryos are grown in the absence of se- 
rum, however, the time span over which it occurs is more ex- 
tended. Embryos cultured in the absence of serum have be- 
gun to spread after ~36 h, and have formed extensive 
outgrowths by 72 h in culture. 

The timing of outgrowth formation was similar for em- 
bryos cultured in serum-free medium on either Fn or Ln, but 
seemed slightly slower on Col IV. Most embryos had at- 
tached and begun to spread on these substrates after 36 h, 
and reached maximal spreading after 48-60 h (Fig. 2, A, B, 

and C). Identical results were obtained for all substrate coat- 
ing concentrations used. Embryos cultured on a substrate 
of BSA in serum-free medium did not attach or spread 
(Fig. 2 D). 

Specificity of Blastocyst Interactions 
with Defined Ligands 
The interactions of embryos with Fn, Ln, and Col IV were 
ligand specific; embryos attached and spread on Fn in the 
presence of nonimmune antibodies or anti-Ln, but not in the 
presence of anti-Fn (Figs. 3 and 5). Outgrowth on Fn was 
not due to the presence of small amounts of vitronectin (a 
possible contaminant of Fn preparations and therefore of 
anti-Fn sera), since attachment and spreading on vitronectin 
substrates were unaffected by the presence of anti-Fn anti- 
bodies (results not shown). Embryos attached and spread on 
Ln in the presence of either non-immune antibodies or anti- 
Fn but not in the presence of anti-Ln (Figs. 3, 4, and 5). Em- 
bryo outgrowth on Ln was also unaffected by the presence 
of antibodies against Col IV (Figs. 4 and 5) and against en- 
tactin (not shown), two common contaminants of Ln prepa- 
rations. Finally blastocyst adhesion and spreading on Col IV 
are inhibited by anti-Col IV antibodies, but not by nonim- 
mune antibodies or anti-Ln antibodies (Figs. 4 and 5). 

Effects on Blastocyst-Ligand Interactions of 
Anti-ECMr Antibodies and Synthetic Peptides 
Anti-ECMr, a polyclonal antibody made against 120-160- 
kD adhesion glycoproteins isolated from hamster fibroblasts, 
completely inhibited both attachment and outgrowth of em- 
bryos on Fn, Ln (Figs. 6 and 7) and Col IV (not shown). The 
effects of these antibodies were reversible; embryos removed 
from anti-ECMr-containing medium after 48 h culture, 
rinsed and put back into control medium began to spread 
within 4 h, and fbrmed outgrowths within 12 h (Fig. 6). 

Peptides from two different sources (see Materials and 
Methods) were used to examine the role of the Arg-Gly-Asp- 
containing cell-recognition site in the formation of embryo 
outgrowths. Results were similar for peptides from both 
sources. Neither the active (GRGDSP) nor the control 
(GRGESP) peptide at concentrations as high as 0.5 mg/ml 
prevented attachment of embryos to substrates coated with 
10 lag/ml Fn. However, GRGDSP had a pronounced effect on 
trophoblast outgrowth; both the incidence and extent of out- 
growth on Fn were greatly reduced (Figs. 8, 9, and 1<3). Em- 
bryo outgrowth on Fn in the presence of GRGESP was simi- 
lar to that seen in the absence of peptide, both in incidence 
and extent (Figs. 8, 9, and 10). 

For embryos on Ln substrates, a similar effect was seen. 
Again, neither peptide prevented attachment of blastocysts to 
Ln, but both the incidence and extent of trophoblast out- 
growth were reduced in the presence of GRGDSP (Figs. 8, 
9, and 10). In contrast to its lack of effect on outgrowth on 
Fn, the control peptide, GRGESE also had some effect on 
embryo outgrowth on Ln, although to a lesser extent than did 
GRGDSP (Figs. 9 and 10). 

Synthesis and Expression of Adhesion Receptors 
by Embryo Outgrowths 
The goal of these experiments was to determine, by immuno- 
precipitation and immunofluorescence, whether mouse tro- 
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Figure 3. Blastocyst outgrowth on either Fn (10 ~tg/ml) and Ln (25 ~tg/ml) substrates in the presence of substrate-speciflc antibodies. (A, 
C, and E) Fn substrate. (B, D, and F )  Ln substrate. Embryos were cultured in the presence of: preimmune rabbit antibodies (A and B); 
anti-Fn antibodies (C and D);  or anti-Ln antibodies (E and F) .  Bars, 100 tam. 
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Figure 4. Blastocyst outgrowth on Ln (25 I.tg/ml) and Col IV (25 I.tg/ml) in the presence of substrate-specific antibodies. (,4, C, and E) 
Ln substrate. (B, D, and F)  Col IV substrate. Embryos were cultured in the presence of: preimmune rabbit antibodies (A and B); anti-Ln 
antibodies (C and D); or affinity purified anti-Col IV antibodies (E and F).  Bars, 100 ~m. 
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Figure 5. Graph of attachment and spreading of mouse blastocysts 
on Fn (10 ~tg/ml), Ln (25 lxg/ml), and Col IV (25 lag/ml) in the pres- 
ence of the different substrate-specific antibodies. Bars labeled A 
represent the percentage of embryos that attached to the substrate 
in each case, while bars labeled S represent the percentage that 
spread on the substrate. N.D.: not done. 

phoblast cells produce 140-kD antigens similar to those syn- 
thesized by cultured cells, and whether these antigens are 
expressed at a time and location consistent with their pro- 
posed function in outgrowth formation. Two different cell 
lines were examined; mouse mammary tumor epithelial cells 
(MMTE), and human trophoblast cells (JAR). Two batches 
of embryos were also examined: (a) embryos surface-labeled 
with ~zsI at the hatched blastocyst stage, and (b) embryos 
cultured 72 h from the hatched blastocyst stage on a Fn sub- 
strate, then surface-labeled with J25I. Immunoprecipitation 
of labeled cell-surface proteins was then carried out, either 

by adding the antibody to lysates of surface-labeled cells or 
embryos, or by incubating the intact cells or embryos in anti- 
body before lysis. The immune complexes were then precipi- 
tated using protein A-Sepharose. Fig. 11 A shows the pattern 
precipitated when anti-ECMr was exposed to the surfaces of 
labeled intact embryos and cells. Two bands are recognized 
on the trophoblast surface of embryo outgrowths: one at 
,'~144 kD, and the other more diffuse, at •120-125 kD (lane 
A/). This pattern is similar to that recognized on intact 
MMTE, although the lower band is more diffuse and mi- 
grates slightly more slowly in the latter (125-t35 kD; lane 
A2). When embryos that had been labeled with 125I at times 
during the first 24 h after hatching were precipitated, no dis- 
tinct bands in the 120-160 kD region of the gel were recog- 
nized above the background (lane A3), although a band at 
"~70 kD, and another faint band at 56 kD were detected. 

When surface-labeled embryos and cells were lysed before 
exposure to anti-ECMr (Fig. 11 B), the patterns were some- 
what more complex. In addition to the two bands recognized 
previously, bands at *200 kD and 94 kD were precipitated 
by anti-ECMr from the embryo outgrowths (lane B1). A 
band at about 200 kD is also recognized on the MMTE cells 
under these conditions (not shown). On JAR cells, anti- 
ECMr recognizes bands at 120 and 150 kD (lane B2), which 
are likely to be analogous to the 120- and 140-kD bands in 
the embryo outgrowths. Anti-ECMr also recognizes a band 
at 200 kD in JAR cells, as well as an additional band at ~180 
kD, suggesting that it has a more complex array of ECMr- 
related components than the mouse trophoblast. 

These results indicate that mouse embryo outgrowths dis- 
play ECMr related antigens at the cell surface when they are 
capable of interacting with the substrate. Furthermore, the 
components recognized on the outgrowths are similar to 
those recognized by anti-ECMr on cultured cells of the same 
species (MMTE). They are similar as well, to the compo- 
nents recognized on a human trophoblast cell line by 
anti-ECMr, although the pattern in the JAR cells contains an 
additional component at 180 kD. 

To determine the distribution and organization of ECMr 
antigens in embryos, hatched blastocysts and embryo out- 
growths were stained with anti-ECMr and an antibody 
against the human FN receptor (anti-FNR). Like anti-ECMr, 
the antiserum against the FNR recognizes the 13 chain of the 
131 subfamily of integrin. Previous studies on murine mela- 
noma cells using anti-ECMr and anti-FNR showed that both 
antibodies immunoprecipitate components at 120 and 140 kD 
and immunoblot the 120-kD component (Kramer and 
Damsky, 1986; Kramer, R., K. McDonald, E. Crowley, 
D. Ramos, and C. H. Damsky, manuscript submitted for 
publication). The distribution patterns of these two antibod- 
ies were correlated with those of the cytoskeletal proteins ta- 
lin (Burridge and Connell, 1983), and vinculin (Vnc; Geiger, 
1979), which are components of cell-matrix contact sites 
(adhesion plaques) of cultured cells (Burridge and Fer- 
amisco, 1980; Geiger, 1979; Burridge and Connell, 1983). 
Indirect immunofluorescence was performed on several 
groups of embryos: hatched blastocysts, and hatched blasto- 
cysts cultured 48 and 72 h post-hatching on Fn substrates. 

The embryo outgrowths are highly three dimensional with 
a rounded inner cell mass (ICM) and a surrounding flattened 
area of trophoblast outgrowth (Fig. 12 A). By focusing at 
different optical planes of this structure, the distribution pat- 
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Figure 6. Blastocyst outgrowth on Fn (10 ~tg/ml) and Ln (25 lag/ml) in the presence of anti-ECMr antibodies. (A, C, and E) Fn substrate. 
(B, D, and F)  Ln substrate. Embryos were cultured in the presence of: preimmune goat antibodies (A and B) or anti-ECMr antibodies 
(C and D). (E and F) embryos were cultured 48 h in the presence of anti-ECMr antibodies, then removed, rinsed, and cultured for a 
further 12 h in control medium. Bars, 100 gin. 
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Figure 7. Graph of embryo outgrowth on Fn (10 I.tg/ml), Ln (25 
lag/ml), and Col IV (25 I.tg/ml) in the presence of either preimmune 
antibodies (PI) or anti-ECMr antibodies (A'ECMr). Bars labeled 
A represent the percentage of embryos that attached to the substrate 
in each case, while bars labeled S represent the percentage that 
spread on the substrate. 

tern of the adhesion receptor antigens and the cytoskeletal 
antigens Vnc and talin can be compared. In this study, the 
combination of antibodies that gave the best results in double 
indirect immunofluorescence experiments was anti-FNR 
and anti-Vnc. Results from single staining experiments using 
anti-ECMr alone gave similar staining patterns as anti-FNR 
(e.g. cf. Figs. 12 B and 13 A, and 12 G and 13 G). At both 
early (48 h post-hatching) and later (72 h post-hatching) 
periods, anti-ECMr and anti-FNR staining were strongly 
enriched at the surface of cells in the top part of the ICM 
(Fig. 12 B and 13 A). In contrast, staining for both Vnc (Fig. 
13 B) and talin (not shown) in this region was diffuse and 
only slightly above the preimmune control. In the early out- 
growth period, at the earliest time points that we could docu- 
ment, the pattern of cell-matrix contact sites was highly or- 
ganized in the lamellopodial protrusions of the spreading 
trophoblast cells, as detected by staining with anti-Vnc (Fig. 
12, C and D). Staining for anti-ECMr or anti-FNR in 
trophoblast cells was somewhat more diffuse. Double stain- 
ing for FNR and Vnc showed extensive colocalization of dis- 
crete cell-matrix contact sites in these early outgrowths (Fig. 
12, E and F). Examination of the cells at the periphery of 
later outgrowths shows that anti-ECMr continues to be en- 
riched on filopodial protrusions. In areas where portions of 
the outgrowth have been torn away, anti-ECMr staining is 
seen on the substrate as a series of bright strips and dots (Fig. 
12 G). Talin is also arrayed in streaks and spots in areas of 
trophoblast spreading (Fig. 12 H). In all of these samples the 
pattern of highly fluorescent patches is reminiscent of the 
staining patterns for avian integrin (the CSAT antigen com- 
plex) and for talin and Vnc on avian fibroblasts (Damsky et 
al., 1985a, b). 

In an effort to examine more carefully the organization of 
adhesion receptors and the cytoskeleton, FNR and Vnc were 
co-localized in three areas of a 72-h outgrowth (Fig. 13). As 
indicated above, when focusing near the top of the rounded 
inner cell mass, anti-FNR (and anti-ECMr) staining is 
strongly enriched at the cell surface, while Vnc (and talin) 
staining is diffuse and only slightly above background (Fig. 
13, A and B). A group of ceils lying on the embryo surface 
in a region intermediate to the ICM and the trophoblast were 

photographed at two planes of focus: one near the apical 
regions of these cells and the other more basally. This group 
of cells has smaller nuclei than those at the periphery of the 
outgrowth and may represent endoderm (Gonda and Hsu, 
1980). Both anti-Vnc and anti-FNR staining are strongly en- 
riched at the cell surface and are largely co-extensive. The 
organization of Vnc changes dramatically in the more basal 
regions of these cells, becoming highly discrete and punc- 
tate. The pattern of anti-FNR also changes. It is enriched in 
the general areas of strong Vnc staining (see arrows, Fig. 13), 
but is more diffuse. At the periphery of the outgrowth at the 
level of the substrate, a discrete pattern of contact sites is visi- 
ble for both antigens, although the anti-FNR staining, like 
that of anti-ECMr, has additional diffuse staining. 

In hatched blastocysts stained with either anti-ECMr or 
anti-FNR, no fluorescent signal above the control level was 
seen (not shown). 

Discussion 

The results described above make three major points. First, 
mouse blastocysts will specifically attach and spread on a va- 
riety of defined extracellular matrix glycoproteins including 
Fn, Ln, and Col IV (Figs. 2-5). Second, as described in 
Figs. 6 and 7, the family of cell surface ECM receptors, vari- 
ously called, in avian cells, the 140-kD complex (Akiyama 
et al., 1986), the CSAT antigen (Neff et al., 1982) and, more 
recently, integrin (Tamkun et al., 1986) is involved in all 
these blastocyst-ligand interactions. Third, the immunopre- 
cipitation and immunofluorescence data (Figs. 11, 12, and 
13) show that blastocysts synthesize and express 140-kD 
integrin-like matrix receptors at a time and location consis- 
tent with their proposed role in blastocyst attachment and 
outgrowth. 

Blastocyst Interactions with Defined ECM Ligands 
Recognition of Fn, Ln, and Col IV by blastocysts is ligand 
specific and not due to cross contamination among the 
ligands, since antibodies against the individual ECM compo- 
nents interfere only with blastocyst attachment to that partic- 
ular ligand (Fig. 2-5). These observations in part support 
those of Armant et al., (1986a), who reported that blastocysts 
could attach and spread on Fn and Ln. However, the lack of 
outgrowth on collagen types I and IV reported in those 
studies contrasts both with the data reported here (Figs. 4 
and 5) and with previous observations that the presence of 
a substrate derived from rat tail collagen could also promote 
embryo outgrowth in the absence of serum (Wilson and 
Jenkinson, 1974). The reasons for this discrepancy between 
our data and that of Armant et al. are not clear, but may lie 
in differences in the source of Col IV, in the nature of the 
plastic substrate, or in the method used to coat the substrates. 

The invading trophoblast would be expected to encounter 
a variety of ECM ligands during implantation. In fact, both 
Fn and Ln have been found to be prominent components of 
the uterine basement membrane and stroma at the time of im- 
plantation (Wewer et ai., 1985; Grinnell et al., 1982). Ln 
may be particularly significant in this regard, as it has been 
shown that uterine decidual cells in the vincinity of the im- 
planting conceptus synthesize and surround themselves with 
a Ln-rich basal lamina (Wewer et al., 1985). At the same 
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Figure 8. Blastocyst outgrowth on Fn (10 Ixg/ml) and Ln (25 I~g/ml) in the presence of GRGDSP and GRGESP synthetic hexapeptides. 
(A, C, and E) Fn substrate. (B, D, and E) Ln substrate. Embryos were cultured in: control medium (A and B); medium containing 500 
lag/ml GRGDSP (C and D); or medium containing 500 ~tg/ml GRGESP (E and F).  Bars, 100 ~tm. 
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Figure 9. Graph showing the percent of embryos which spread on 
either Fn (10 ~tg/ml), Ln (25 ~g/ml), or Col IV (25 Ixg/ml) in nor- 
mal medium (Control), medium containing 500 ~tg/ml of the active 
peptide (GRGDSP) or medium containing 500 Ixg/ml of the control 
peptide ( GRGESP ). 

Eigure 10. Graph showing the area of outgrowth (in I.l_m 2) of em- 
bryos cultured on either Fn (10 lag/ml) or Ln (25 ~g/ml) substrates 
in normal medium (Control), medium containing 500 ~tg/ml active 
peptide (GRGDSP), or medium containing 500 ~g/ml control pep- 
tide (GRGESP). Each value represents the mean _+ SEM for at least 
11 embryos. 

time, the amount of Fn in the uterine stroma near the implan- 
tation site decreases considerably (Grinnell et al., 1982). 

Both Fn and Ln, and perhaps collagen as well, have more 
than one mechanism by which they can interact with the cell 
surface. In addition to the RGD-containing cell-binding do- 
main (Pierschbacher and Ruoslahti, 1984a), Fn has a 
heparin-binding domain (Hakomori et al., 1984) which may 
mediate cell attachment via heparin- or heparan sulfate- 
containing cell surface molecules (Saunders et al., 1986). Ln 
is reported to have at least two cell-binding regions, one near 
the intersection of  the long and short arms (Liotta et al., 
1987; Grafet  al., 1987) and the other near the end of  the long 
arm (Engvall, 1986). 

Armant et al., (1986b) have reported that small peptides 
containing the cell-binding sequence of Fn (i.e., GRGDSP), 
at concentrations as low as 200 ~tg/ml, inhibit both blastocyst 
attachment and outgrowth on Fn, but not on Ln. In contrast 
to those results our experiments show that the GRGDSP pep- 
tide at 250-500 I.tg/ml does not inhibit attachment to either 
Fn or Ln, but inhibits trophoblast outgrowth on both ligands. 
Recently Farach et al. (1987) have also reported that some 
outgrowth can occur on Fn in the presence of RGDS. We 
found that the GRGESP (control) peptide had no effect on 
blastocyst-Fn interactions, but had a slight effect on tropho- 
blast outgrowth on Ln. The differences in the data on attach- 
ment from our study and that of  Armant et al. (1986b) may 
be related to differences in the methods used to assess attach- 
ment in the absence of spreading. In the present study, a gen- 
tle stream of medium was blown against the embryos 
whereas Armant et al. (1986a, b) report shaking the dish. 
The reason that we find an effect of  these peptides on out- 
growth on Ln while Armant et al. do not is more difficult 
to ascertain, but may reflect differences in the sources of Ln, 
or in methods of Ln purification. In our hands, antibodies 
against Col IV, entactin, and Fn do not inhibit outgrowth on 
Ln, arguing that these molecules, possible contaminants of 
Ln preparations, are not responsible for the outgrowth of em- 
bryos on Ln. 

There is precedent for an effect of RGD- and RGE- 
containing peptides on cell interactions with Ln. Madri et al. 
(1987) have reported effects of both RGD- and RGE-contain- 
ing peptides on endothelial cell-Ln interactions, Grabel and 

Watts (1987) find that GRGDSP peptides inhibit teratocarci- 
noma cell migration on Ln as well as on Fn, and Thiery et 
al. (1987) have reported that GRGESP affects migratory be- 
havior of neural crest cells on Fn. The inhibition of tropho- 
blast outgrowth on both Fn and Ln by GRGDSP is also con- 
sistent with equilibrium gel filtration experiments showing 

Figure 11. Immunoprecipitation of anti-ECMr antigens from cells 
and embryos. (A) lmmunoprecipitation by anti-ECMr of t25I-la- 
beled cell surface proteins from 72-h mouse embryo outgrowths 
(lane 1 ), MMTE cells (lane 2), and mouse hatched blastocysts (lane 
3). (Lane 4) Immunoprecipitation by normal goat serum of ~251- 
labeled cells surface proteins from MMTE cells. Cells and embryos 
were surface-labeled with J251, and then incubated in medium con- 
taining either anti-ECMr or preimmune antibodies prior to lysis 
(see Materials and Methods). (B) Immunoprecipitation of t25I-la- 
beled cell surface proteins from 72-h mouse embryo outgrowths 
(lane 1 ) and JAR cells (lane 2). (Lane 3) immunoprecipitation by 
normal goat serum of ~25I-labeled cell surface proteins from MMTE 
cells. Cells and embryos were surface-labeled with ~251, then lysed 
and the labeled lysate subjected to immunoprecipitation with either 
anti-ECMr or preimmune antibodies. Immunoprecipitation by nor- 
mal goat serum of the above embryo samples were similar to those 
shown for MMTE cells. 
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Figure 12. Immunofluorescent staining of antigens recognized by anti-ECMr, anti-FNR, anti-Vnc, and anti-talin antibodies on blastocyst 
outgrowths. (A) Phase photograph of an outgrowth, demonstrating the regions shown in the other photographs. ICM, inner cell mass. TB, 
trophoblast cells. I, intermediate region. (B) Anti-ECMr staining is concentrated at the cell surface in the ICM, outlining the cells. (C) 
Phase photograph of trophoblast cells beginning to spread in a 48-h outgrowth. (D) Anti-Vnc staining in the same early outgrowth, demon- 
strating organization of cell-matrix contacts even in early stages of outgrowth. (E and F) Anti-FNR (E) and anti-Vnc (F) double staining 
on a 48-h outgrowth. Adhesion receptors and Vnc coiocalize in discrete cell-matrix contact sites (arrowheads). (G) In areas where the 
trophoblast has been torn away from the substrate, anti-ECMr staining is seen on the substrate in bright strips and dots (arrowheads). 
(H) Anti-talin fluorescence is seen in similar patterns in peripheral processes of trophoblast cells (arrowheads). Bars, 25 ~tm. 



Figure 13. Double staining for anti-FNR and anti-Vnc on a 72-h outgrowth, examined in various regions of the outgrowth. (A, C, E, and 
G) anti-FNR staining. (B, D, E and H) anti-Vnc staining. (A and B) Anti-FNR is localized at the surface of cells in the top of the ICM. 
while anti-Vnc staining is diffuse and only slightly above background. (C and D) When focussing on the apical ends of ceils lbund in 
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that the interactions of purified avian integrin with either Fn 
or Ln can be disrupted by small RGD-containing peptides 
(Horwitz et al., 1985). Altogether, these observations sug- 
gest that small peptides related to the cell recognition se- 
quence of Fn, can have diverse effects depending on the cell 
type, the substrate and the biological activity being moni- 
tored. 

The fact that in our hands, the active peptide, RGDS, 
affects embryo outgrowth on, but not attachment to, both Fn 
and Ln suggests that trophoblast attachment is mediated by 
additional mechanisms. Farach et al., (1987) recently re- 
ported that soluble heparin inhibited mouse embryo attach- 
ment and outgrowth on both Fn and Ln to a greater extent 
than did RGDS, and that substrates of a heparin-binding pro- 
tein, platelet factor 4, supported attachment but only limited 
outgrowth. These results, taken with those reported here, 
imply that outgrowth relies primarily on mechanisms that in- 
volve recognition of sequences related to the cell binding re- 
gion of Fn, while attachment may be mediated through 
heparin- or heparan sulfate-containing moieties as well. 

The Role of  the Integrin Receptor Family 
in Blastocyst-ECM Interactions 

In their interactions with Fn, Ln, and Col IV, blastocysts ap- 
pear to use a 140-kD family of celt surface adhesion recep- 
tors, inasmuch as both trophoblast attachment and spreading 
on all three of these substrates are inhibited by anti-ECMr. 
The 140 kD receptor complex recognized in mouse blasto- 
cysts and other mammalian cells by anti-ECMr is very simi- 
lar to the integrin complex identified by the CSAT and JG22 
monoclonal antibodies in avian systems. Such similarity is 
demonstrated by several criteria: firstly, anti-ECMr, CSAT, 
and JG22 all affect cell attachment to a broad range of ECM 
ligands including Fn, Ln, and Col IV (Hall et al., 1987; Hor- 
witz et al., 1985; Tomaselli et al., 1987); secondly, the con- 
stituent potypeptides of both the ECMr complex and avian 
integrin behave similarly on reduced and non-reduced gels 
(Knudsen et al., 1985; Tomaselli et al., 1987); thirdly, the 
anti-ECMr used in this study and an antibody against band 
3 of the integrin complex (Buck et al., 1986) precipitate iden- 
tical polypeptide patterns from labeled rat PC12 cells 
(Tomaselli et al., 1987); and finally, the anti-integrin band 
3 antibody reacts in the immunoblot procedure with the 
lowest molecular weight bank (120 kD) immunoprecipitated 
from rat PC12 cells by anti-ECMr (Tomaselli et al., 1987). 
Gene cloning and protein sequencing data have shown in turn 
that the avian and mammalian adhesion receptor complexes 
are also closely related to the dimeric fibronectin receptor 
isolated using fibronectin affinity chromatography (Pytela et 
al., 1985a; Patel and Lodish, 1986). In addition, the anti-hu- 
man FNR used in these studies and anti-ECMr recognize a 
similar pattern of polypeptides on murine melanoma cells 
(Kramer, R., K. McDonald, E. Crowley, and C. H. Damsky, 

manuscript submitted for publication). These observations 
suggest that the mammalian adhesion receptors recognized 
by anti-ECMr in the mouse embryo are members of the large 
family of adhesion receptors that includes both the Fn recep- 
tor and the avian integrin complex. Embryo attachment to the 
broad range of substrates studied here may reflect the pres- 
ence of several ligand-specific heterodimeric receptors. It is 
also possible, however, that the 120 and 140 kD components 
that comprise most of the anti-ECMr-reactive material con- 
stitutes, at least in part, a promiscuous receptor, capable of 
interacting with more than one ECM ligand, Such a receptor, 
in the beta 1 integrin family has been proposed by Wayner 
and Carter (1987). The platelet adhesion receptor GP lib- 
Ilia, a member of the beta 3 subfamily of integrin has also 
been shown previously to act as a receptor for at least four 
ECM ligands, including fibronectin (Pytela et al., 1986). 

Anti-ECMr inhibits attachment to a broad range of sub- 
strates, but does not inhibit all cell-matrix interactions: for 
example, it does not affect cell attachment to thrombospon- 
din (Tuszynski et al., 1987) nor does it affect attachment of 
PCI2 cells to polylysine or to the surfaces of muscle or neu- 
ronal cells (Tomaselli et al., 1987). Anti-ECMr inhibits both 
attachment and spreading of mouse blastocysts on defined 
substrates (Fn, Ln, and Col IV). Natural ECM is more com- 
plex, however, containing proteoglycans, glycosaminogly- 
cans, and thrombospondin in addition to Fn, Ln, and colla- 
gens. Anti-ECMr does not inhibit blastocyst attachment to 
the complex ECM laid down by bovine corneal endothelial 
cells, but does inhibit trophoblast outgrowth on this matrix 
(Glass, R. H. and C. H. Damsky, unpublished experiments). 
These observations stress the importance of integrin-like 
adhesion receptors in trophoblast outgrowth while demon- 
strating that blastocysts are able to interact with their sur- 
rounding ECM by other mechanisms as well. 

Expression and Distribution of lntegrin on Blastocysts 

Immunoprecipitation of ~25I-labeted surface proteins from 
intact embryo outgrowths with anti-ECMr produces a set of 
proteins that are very much like those found in MMTE cells. 
These bands in mouse embryos have molecular weights of 
~140 and 120 kD, similar to those in MMTE cells, but closer 
in molecular weight to each other than those found in human 
trophoblast cells (Fig. 11). In addition, a band at '~200 kD 
and another at ",,95 kD are precipitated from whole lysates 
of surface-labeled mouse embryo outgrowths. The 200 kD 
band is also precipitated from both the MMTE and JAR 
cells, and is of similar molecular weight in all three cell 
types. This band may be related to attachment to Ln or Col 
IV since it is not precipitated from JAR cells by a monoclonal 
antibody that inhibits JAR cell attachment to Fn only, 
whereas both the 120- and 150-kD bands are precipitated by 
that antibody (Damsky and Crowley, unpublished results). 
The 95-kD band was observed only in embryo outgrowths, 

the region intermediate to the ICM and the trophoblast, both anti-FNR and anti-Vnc staining are observed to be localized at the cell surface 
(arrowheads). N, nucleus. (E and F) When focussing more basally in the same region pictured in C and D, anti-Vnc staining is seen in 
a discrete, punctate pattern. Anti-FNR staining is enriched in areas of discrete Vnc staining, but is much more diffuse. Arrowheads point 
to some areas of codistribution. N, nucleus. (G and H) In the highly spread trophoblast cells at the periphery of the outgrowth, both 
anti-FNR and anti-Vnc staining are organized into a series of discrete cell-matrix contacts. Arrowheads point to some areas of codistribu- 
tion. Bars, 25 ~tm. 
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and its relationship to the higher molecular weight compo- 
nents is unknown. The fact that these two additional bands 
are precipitated from whole lysates but not from lysates of 
cells or embryos exposed to antibody while still intact proba- 
bly means that the epitopes recognized by anti-ECMr on 
these proteins are not accessible to antibody while the cells 
are intact. 

Immunoprecipitation of blastocysts that were J25I surface- 
labeled at times during the first 24 h post-hatching showed 
no resolvable bands in the 120-160 kD area of the gel, sug- 
gesting that these ECMr antigens are either not expressed on 
the cell surface or are not detectable by our labeling proce- 
dures on these earlier stages (Fig. 11). These findings corre- 
late with both the observation that embryos at this stage are 
not adherent and do not spread on the substrate during the 
first 24 h post-hatching, and immunofluorescence data dem- 
onstrating no specific staining above the level seen in con- 
trols. 

Indirect immunofluorescence experiments using anti- 
ECMr show that ECMr antigens are present on both the ICM 
and trophoblast outgrowth portions of attached embryos. 
Observation of the flattened trophoblast cells shows that, al- 
though there is quite a bit of diffuse fluorescence, the antigen 
is enriched on cell processes and on the ventral surfaces of 
cells. In regions where the trophoblast has been ripped away, 
there is a characteristic pattern of substrate attached "foot- 
pads" like that seen in fibroblastic cells stained with CSAT 
monoclonal antibody (Damsky, et al., 1985a). 

The distribution in trophoblast cells of the adhesion plaque 
protein Vnc was also examined. This 130-kD intracellu- 
lar protein has been shown to be a component of adhesion 
plaques (Geiger et al., 1980; Burridge and Feramisco, 1980). 
In cell-substratum adhesion plaques, it codistributes with 
and binds to talin and is proposed to interact indirectly with 
actin microfilaments (reviewed in Burridge, 1986). In the 
trophoblast outgrowth of attached blastocysts, anti-Vnc is 
highly localized in streaks and patches very similar to those 
found in other cell types (Geiger, 1979; Burridge and Fer- 
amisco, 1980; Geiger et al., 1980; Damsky et al., 1985a). 
Likewise, the staining pattern seen for talin, which is known 
to bind to integrin (Horwitz et al., 1986) consists of the same 
kinds of linear patches and dots, especially at the margins of 
the trophoblast cells. The staining pattern generated by anti- 
Vnc colocalizes with that generated by anti-FNR (Figs. 12 
and 13). These results strongly suggest that the integrin-like 
adhesion receptors are found in the adhesion plaques of 
mouse trophoblast cells, and are thus in an appropriate loca- 
tion to participate in trophoblast cell-substratum adhesion. 

The staining pattern for cytoskeletal and adhesion recep- 
tors differs markedly in different parts of the embryo: In the 
uppermost region of the inner cell mass, ECMr and FNR are 
distributed uniformly but strongly at the cell surface, while 
Vnc and talin are distributed diffusely throughout the 
cytoplasm. This implies that the cells in this region are not 
associated with one another via well organized junctional 
complexes, and that adhesion receptors are not well in- 
tegrated with the cytoskeleton. There is, however, intense 
cell surface laminin staining on the inner cell mass region of 
the embryo, that colocatizes with the adhesion receptor 
staining (not shown). In the apical regions of cells in the re- 
gion intermediate to the ICM and the trophoblast, both Vnc 
staining and FNR or ECMr staining are enriched at the cell 

surface. This may represent a zone that has plentiful adhe- 
rens junctions. Vnc is a peripheral cytoplasmic component 
of these junctions, while adhesion receptors such as avian 
integrin, have been shown to extend to areas of cell-cell as 
well as cell-matrix contact in sections of embryonic tissue 
(Chen et al., 1986; Duband et al., 1986; Krotoski et al., 
1986). In the basal region of cells of this intermediate zone 
and throughout the flat trophoblast area of the outgrowth, 
ECMr, FNR, and especially Vnc become localized more dis- 
cretely. The most intense patches of adhesion receptor stain- 
ing coincide with areas of closest cell-substratum contact as 
monitored by Vnc staining. 

In summary, this study shows that mouse embryos express 
components of the integrin family of cell surface ECM re- 
ceptors, as well as a known cytoskeletal ligand for this recep- 
tor family, at the time when they are competent to interact 
with ECM molecules in vitro, and with the uterine stroma 
during implantation. Our studies with defined ECM ligands, 
cell recognition peptides and anti-ECMr suggest that tro- 
phoblast cell outgrowth relies strongly on cell interactions 
with RGD-containing cell-recognition sites on ECM ligands. 
Our results agree with those in other systems showing that 
these interactions are involved in cell adhesion and migration 
during development (Boucaut et al., 1984; Bronner-Fraser, 
1985, 1986; Duband et al., 1986; Grabel and Watts, 1987). 
The fact that anti-ECMr inhibits outgrowth on, but not at- 
tachment to, the complex bovine corneal endothelial cell- 
derived ECM (Glass and Damsky, unpublished observa- 
tions), and that RGD peptides inhibit blastocyst outgrowth on 
but not attachment to Fn and Ln, suggest that blastocysts have 
a complex overall strategy tbr reacting with ECM compo- 
nents in vitro, and by analogy, with the uterine stroma during 
implantation. 

We wish to thank Drs. Mary Beckerle, Keith Burridge, Albert Chung, Deb- 
orah Hall, Michael Pierschbacher, and Erkki Ruoslahti for their generous 
gifts of reagents; Ray Keller for the use of his digitizer and for his help with 
various parts of this project; and Eileen Crowley, Peg Siebert, and Mercedes 
Joaquin for technical assistance. 

This work was supported by grant DCB8502686 from the National 
Science Foundation to P. G. Calarco, grants HD22210 and CA42032 from 
the National Institutes of Health to C. H. Damsky, and grant HD22593 from 
the National Institutes of Health to C. H. Damsky, P. G. Calarco, and Dr. 
Dennis Fujii of UCSE 

Received for publication 11 June 1987, and in revised form 17 December 
1987. 

References 

Akiyama, S. K., S. S, Yamada, and K. M, Yamada. 1986. Characterization 
of a 140-kD avian cell-surface antigen as a fibronectin-binding molecule. J. 
Cell BioL 102:442-448, 

Argraves, W. S., R. Pytela, S. Suzuki, J. L. Millan, M. D, Pierschbacher, and 
E. Ruoslahti. 1986. cDNA sequences from the a subunit of the fibronectin 
receptor predict a transmembrane domain and a short cytoplasmic peptide. 
J. Biol. Chem. 261:12922-12924. 

Armant, D. R., H. A. Kaplan, and W. I. Lennarz. 1986a. Fibronectin and lami- 
nin promote in vitro attachment and outgrowth of mouse btastocysts. Dev. 
Biol, 116:519-523~ 

Armant, D. R., H. A. Kaplan, H. Mover, and W. I. Lennarz. 1986b. The effect 
of hexapeptides on attachment and outgrowth of mouse blastocysts cultured 
in vitro: evidence for the involvement of the cell recognition tripeptide Arg- 
Gly-Asp. PNAS. 83:6751-6755. 

Banerjee, S. D., R. H. Cohn, and M. R, Bernfield. 1977. Basal lamina of em- 
bryonic salivary epithelia. Production by the epithelium and role in maintain- 
ing Iobular morphology. J. Cell Biol. 73:445-463. 

Bard, J, B. L., E. D, Hay, and S. M, Meller. 1975. Formation of the en- 
dothelium of the avian cornea: a study of cell movement in-vivo. Dev. Biol. 
42:334-361. 

The Journal of Cell Biology, Volume 106, 1988 1346 



Bayna, E. M., R. B. Runyan, N. F. Scully, J. Reichner, L. C. Lopez, and B. D. 
Shur. 1986. Cell surface galactosyltransferase as a recognition molecule dur- 
ing development. Mol. Cell. Biochem. 72:141 - 1 5 1 .  

Bernfield, M., and S. D. Banerjee. 1982. The turnover of basal lamina glycos- 
aminoglycan correlates with epithelial morphogenesis. Dev. Biol. 90:291- 
305. 

Biggers, J. D., W. K. Whitten, and D. C. Whittingham. 1971. The culture of 
mouse embryos in vitro. In Methods in Mammalian Embryology. J. C. 
Daniel Jr., editor. WH Freeman, San Francisco. 86-116. 

Bluemink, J. G., P. Van Maurik, and K. A. Lawson. 1976. Intimate cell con- 
tacts at the epithelial/mesenchymal interface in embryonic mouse lung. J. 
Ultrastruct. Res. 56:257-270. 

Boucaut, J.-C., T. Darribere, T. J. Poole, H. Aoyama, K. M. Yamada, and 
J. P. Thiery. 1984. Biologically active synthethic peptides as probes of em- 
bryonic development: a competitive peptide inhibitor of fibronectin function 
inhibits gastrulation in amphibian embryos and neural crest cell migration 
in avian embryos. J. Cell Biol. 99:1822-1830. 

Bronner-Fraser, M. 1985. Alterations in neural crest migration by a monoclonal 
antibody that affects cell adhesion. J. Cell Biol. 101:610-617. 

Bronner-Fraser, M. 1986. An antibody to a receptor for fibronectin and laminin 
perturbs cranial neural crest development in-vivo. Dev. Biol. 117:528-536. 

Brown, P. J., and R. L. Juliano. 1985. Selective inhibition of fibronectin- 
mediated cell adhesion by monoclonal antibodies to a cell-surface glycopro- 
tein. Science (Wash. DC). 228:1448-1450. 

Brown, P. J. and R. L. Juliano. 1986. Expression and function of a putative 
cell surface receptor for fibronectin in hamster and human cell lines. J. Cell 
Biol. 103:1595-1603. 

Buck, C. A., E. Shea, K. Duggan, and A. F. Horwitz. 1986. Integrin (the 
CSAT antigen): functionality requires oligomeric integrity. J. Cell Biol. 
103:2421-2428. 

Burridge, K. 1986. Substrate adhesions in normal and transformed fibroblasts: 
Organization and regulation of cytoskeletal, membrane and extracellular ma- 
trix components at focal contacts. Cancer Rev. 4:18-78. 

Burridge, K.. and L. Connell. 1983. A new protein of adhesion plaques and 
ruffling membranes. J. Cell Biol. 97:359-367. 

Burridge, K., and J. R. Feramisco. 1980. Microinjection and localization of 
a 130K protein in living fibroblasts: a relationship to actin and fibronectin. 
Cell. 19:587-595. 

Chen, W.-T., J.-M. Chen, and S. C. Mueller. 1986. Coupled expression and 
colocalization of 140K cell adhesion molecules, fibronectin, and laminin dur- 
ing morphogenesis and cytodifferentiation of chick lung cells. J. Cell Biol. 
103:1073-1090. 

Chen, W.-T., T. Hasegawa, C. Hasegawa, C. Weinstock, and K. M. Yamada. 
1985. Development of cell surface linkage complexes in cultivated fibro- 
blasts. J. Cell Biol. 100:1103-1114. 

Cole, R. J., and J. Paul. 1965. Properties of cultured preimplantation mouse 
and rabbit embryos, and cell strains derived from them. In Preimplantation 
Stages of Pregnancy. G. E. W. Wolstenholme and M. O'Connor, editors. 
Little, Brown, and Co., Boston. 82-112. 

Damsky, C. H., K. A. Knudsen, R. Dorio, and C. A. Buck. 1981. Manipulation 
of cell-cell and cell-substratum interactions in mouse mammary tumor 
epithelia. J. Cell Biol. 89:173-184. 

Damsky, C. H., K. A. Knudsen, and C. A. Buck. 1982. Integral membrane 
glycoproteins related to cell-substratum adhesion in mammalian cells. J. 
Cell. Biochern. 18:1-13. 

Damsky, C. H., J. Richa, D. Solter, K. Knudsen, and C. A. Buck. 1983. 
Identification and purification of a cell surface glycoprotein mediating inter- 
cellular adhesion in embryonic and adult tissue. Cell. 34:455-466. 

Damsky, C. H., K. A. Knudsen, D. Bradley, C. A. Buck, and A. F. Horwitz. 
1985a. Distribution of the CSAT cell-matrix antigen on myogenic and 
fibroblastic cells in culture. J. Cell Biol. 100:1528-1539. 

Damsky, C. H., M. J. Wheelock, I. Damjanov, and C. Buck. 1985b. Two cell 
adhesion molecules: characterization and role in early mouse embryo devel- 
opment. In Molecular Determinants of Animal Form. Alan R. Liss, Inc., 
New York. 235-252. 

Duband, J. L., S. Rocher, W. T. Chen, K. M. Yamada, andJ. P. Thiery. 1986. 
Cell adhesion and migration in the early vertebrate embryo: location and pos- 
sible role of the putative fibronectin receptor complex. J. Cell Biol. 102: 
160-178. 

Ducibella, T., and E. Anderson. 1975. Cell shape and membrane changes in 
the eight-cell mouse embryo: Prerequisites for morphogenesis of the blasto- 
cyst. Dev. Biol. 45:45-58. 

Enders, A. C., D. J. Chavez, and S. Schlafke. 1981. Comparison of implanta- 
tion in utero and in vitro. In Cellular and Molecular Aspects of Implantation. 
S. R. Glasser and D. W. Bullock, editors. Plenum Press, New York. 365- 
382. 

Engvall, E., G. E. Davis, K. Dickerson, E. Ruoslahti, S. Varon, and M. Man- 
thorpe. 1986. Mapping of domains in human laminin using monoclonal anti- 
bodies: localization of the neurite-promoting site. J. Cell Biol. 103:2457- 
2465. 

Erickson, C. A. 1985. Morphogenesis of the neural crest. In The Cellular Basis 
of Morphogenesis. L. Browder, editor. Plenum Press, New York. 480-543. 

Farach, M. C., J. P. Tang, G. L. Decker, and D. D. Carson. 1987. Hepa- 
rin/heparan sulfate is involved in attachment and spreading of mouse em- 
bryos in vitro. Dev. Biol. 123:401-410. 

Fink, R. D., and D. R. McClay. 1985. Three cell recognition changes accom- 
pany the ingression of sea urchin primary mesenchyme cells. Dev. Biol. 
107:66-74. 

Geiger, B. 1979. A 130K protein from chicken gizzard: its localization at the 
termini of microfilament bundles in cultured chicken cells. Cell. 18:193- 
205. 

Geiger, B., K. T. Tokuyasu, A. H. Dutton, S. J. Singer. 1980. Vinculin, an 
intracellular protein localized at specialized sites where microfilament bun- 
dles terminate at cell membranes. Proc. Natl. Aead. Sci. USA. 77:4127- 
4131. 

Giancotti, F., G. Tarone, K. Knudsen, C. Damsky, and P. Comoglio. 1985. 
Cleavage of a 135kD surface membrane glycoprotein correlates with a loss 
of adhesion to fibronectin. Erp. Cell Res. 156:182-190. 

Glass, R. 1-I., A. I. Spindle, R. A. Pedersen. 1979. Mouse embryo attachment 
to substratum and interaction of trophoblast with cultured cells. J. Exp. Zool. 
208:327-335. 

Gonda, M. A., and Y.-C. Hsu. 1980. Correlative scanning electron, transmis- 
sion electron, and light microscopic studies in the in vitro development of 
mouse embryos on a plastic substrate at the implantation stage. J. Embryol. 
Exp. Morph. 56:23-39. 

Grabel, L. B., and T. D. Watts. 1987. The role of extracellular matrix in the 
migration and differentiation of parietal endoderm from teratocarcinoma em- 
bryoid bodies. J. Cell Biol. 105:441-448. 

Graf, J., Y. lwamoto, M. Sasaki, G. R. Martin, H. K. Kleinman, F. A. Robey, 
and Y. Yamada. 1987. Identification of an amino acid sequence in laminin 
mediating cell attachment, chemotaxis, and receptor binding. Cell. 48: 
989-996. 

Grant, M. M., N. R. Cutts, and J. S. Brody. 1983. Alterations in lung basement 
membrane during fetal growth and type 2 cell development. Dev. Biol. 
97:173-183. 

Greve, J. M., and D. K. Gottlieb. 1982. Monoclonal antibodies which alter the 
morphology of cultured chick myogenic cells. J. Cell. Biochem. 18:221- 
229. 

Grinnell, F., J R. Head, and J. Hoffpauir. 1982. Fibronectin and cell shape 
in vivo: studies on the endometrium during pregnancy. J. Cell Biol. 94: 
597-606. 

Grover, A., G. Andrews, and E. D. Adamson. 1983. Role oflaminin in epithe- 
lium formation by F9 aggregates. J. Cell Biol. 97: 137-144. 

Gwatkin, R. B. L. 1966a. Defined media and development of mammalian eggs 
in vitro. Ann. N. Y. Acad. Sci. 139:79-90. 

Gwatkin, R. B. L. 1966b. Amino acid requirements for attachment and out- 
growth of the mouse blastocyst in vitro. J. Cell. Comp. Physiol. 68:335-344. 

Hakomori, S., M. Fukuda, K. Sekiguchi, and W. G. Carter. 1984. Fibronectin, 
laminin and other extracellular glycoproteins. In Extracellular Matrix Bio- 
chemistry. K. A. Piez and A. H. Reddi, editors. Elsevier. New York. 
229-276. 

Hall, D. E., K. M. Neugebauer, and L. F. Reichardt. 1987. Embryonic neural 
retinal cell response to extracellular matrix proteins: developmental changes 
and effects of the cell substratum attachment antibody (CSAT). J. Cell Biol. 
104:623-634. 

Hasagawa, T., E. Hasagawa, W. T. Chen, and K. M. Yamada. 1985. Charac- 
terization of a membrane-associated glycoprotein complex implicated in cell 
adhesion to fibronectin. J. Cell Biochem. 28:307-318. 

Horwitz, A., K. Duggan, R. Greggs, C. Decker, and C. Buck. 1985. The cell 
substrate attachment (CSAT) antigen has properties of a receptor t'or laminin 
and fibronectin. J. Cell Biol. 101:2134 2144. 

Horwitz, A., K. Duggan, C. Buck, M. C. Beckerle, and K. Burridge. 1986. 
Interaction of plasma membrane fibronectin receptor with talin-a transmem- 
brane linkage. Nature (Lond.). 320:531-533. 

Hsu, Y.-C. 1971. Post-blastocyst differentiation in vitro. Nature (Lond.). 
231:100-102. 

Hsu, Y.-C. 1973. Differentiation in vitro of mouse embryos to the stage of early 
somite. Dev. Biol. 33:403 411. 

Hsu, Y.-C. 1978. In vitro development of whole mouse embryos beyond the 
implantation stage, hz Methods in Mammalian Reproduction. J. Daniel Jr., 
editor. Academic Press. New York. 229-245. 

Hynes, R. O. 1987. lntegrins: a family of cell surface receptors. Cell. 48: 
549-554. 

Knudsen, K. A., A. F. Horwitz, and C. A. Buck. 1985. A monoclonal antibody 
identifies a glycoprotein complex involved in cell-substratum adhesion. Exp. 
Cell Res. 157:218-226. 

Knudsen, K. A., P. Rao, C. H. Damsky, and C. A. Buck. 1981. Membrane 
glycoproteins involved in cell-substratum adhesion. Proc. Natl. Acad. Sci. 
USA. 78:6071-6076. 

Kramer, R. H., and C. H. Damsky. 1986. Inhibition of tumor cell attachment 
to basement membrane components with antibody to GP 140 complex. J. Cell 
Biol. 103:535a. 

Krotoski, D., C. Domingo, and M. Bronner-Fraser. 1986. Distribution of a cell 
surface receptor for fibronectin and laminin in the avian embryo. J. Cell Biol. 
103:1061-1071. 

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of 
the head of bacteriophage T4. Nature (Lond.). 227:680-685, 

Lewis, W. H., and E. S. Wright. 1935. On the early development of the mouse 
egg. Carnegie Inst. Contrib. Embryol. 25:115-143. 

Liotta. L. A., U. M. Wewer, C. N. Rao, and G. Bryant. 1987. Laminin Recep- 

Sutherland et al. Extracellular Matrix Receptors 1347 



tor. In The Cell in Contact: Adhesions and Junctions as Morphogenetic 
Determinants. G. M. Edelman and J. P. Thiery. editors. John Wiley and 
Sons, New York. 333-344. 

Madri, J. A.. M. Pratt, and J, Yannariello-Brown. 1988. Endothelial cell ex- 
tracellular matrix interactions: matrix as a modulator of cell function. In En- 
dothelial Cell Biology. N. Simionescu and M. Simionescu, editors. In press, 

Manasek, F. J. 1968. Embryonic development of the heart. I. A light and elec- 
tron microscope study of myocardial development in the early chick embryo. 
J. Morphol. 125:329-366. 

Markwald, R. R., T. P. Fitzharris, and W. N. Adams Smith. 1975. Structural 
analysis of endocardial cytodifferentiation. Dev. Biol. 42:160-180. 

Markwald, R. R., T. P. Fitzharris, and F. J. Manasek. 1977. Structural devel- 
opment of endocardial cushions. Amer. J. Anat. 748:85-120. 

Mintz, B. 1964. Formation of genetically mosaic mouse embryos, and early de- 
velopment of lethal (tl2/tl2)-normal mosaics. J. Exp. ZooL 157:273-292. 

Neff, N. T., C. Lowrey, C. Decker, A. Tover, C. Damsky, C. Buck, and A. F. 
Horwitz. 1982. A monoclonal antibody detaches embryonic skeletal muscle 
from extracellular matrices. J. Cell Biol. 95:654-666, 

Patel, V. P., and H, F. Lodish. 1986. The fibronectin receptor of mammalian 
erythroid precursor cells: characterization and developmental regulation. J. 
Cell BioL 102:449~,56. 

Peyrieras, N., F. Hyafil, D. Louvard, H. L. Ploegh, and F. Jacob. 1983. 
Uvomorulin: a nonintegral membrane protein of early mouse embryo. Proc. 
Natl. Acad, Sci. USA. 80:6274-6277. 

Pierschbacher, M. D., and E. Ruoslahti. 1984a. Cell attachment activity of 
fibronectin can be duplicated by small synthetic fragments of the molecule, 
Nature (l_zmd,). 309:30-33. 

Pierschbacher, M. D., and E. Ruoslahti. 1984b. Variants of the cell recognition 
site of fibronectin that retain attachment-promoting activity, Proc. Natl. 
Acad. Sci. USA. 81:5985-5988. 

Pytela, R., M. D. Pierschbacher, and E. Ruoslahti. 1985a. Identification and 
isolation of a 140 kd cell surface glycoprotein with properties expected of 
a fibronectin receptor. Cell. 40:191-198. 

Pytela, R., M, D. Pierschbacher, and E. Ruoslahti. 1985b. A 125/115 kDa cell 
surface receptor specific for vitronectin interacts with the arginine-glycine- 
aspartic acid adhesion sequence derived from fibronectin. Proc. Natl. Acad. 
Sci. USA, 82:5766-5770. 

Pytela, R., M. D. Pierschbacher, M. H. Ginsberg, E. F. Plow, and E, Ruos- 
lahti. 1986. Platelet membrane gly'coprotein IIb/llla: a member of a family 
of Arg-Gly-Asp-specific adhesion receptors. Science (Wash, DC). 231: 
1559-1562. 

Richa, J., C. H. Damksy, C. A. Buck, B. B. Knowles, and D. Solter. 1985. 
Cell surface glycoproteins mediate compaction, trophoblast attachment, and 
endoderm formation during early mouse development. Dev. Biol. 108: 
513-521, 

Ruoslahti, E., and M. D. Pierschbacher. 1986. Arg-Gly-Asp: a versatile cell 

recognition signal, Cell. 44:517-518. 
Saunders, S., M. Jalkanen, and M. Bernfield. 1986 The cell surface proteogly- 

can (PG) of mouse mammary epithelial cells is one of multiple receptors for 
fibronectin (FN). J. Cell BioL 103:533a. (Abstr.) 

Shirayoshi, Y., T. S. Okada, and M. TakeicfiL 1983. The calcium-dependent 
cell-cell adhesion system regulates inner cell mass formation and cell surface 
polarization in early mouse development, Cell. 35:631-638. 

Shur, B. D., P. Oettgen, and D. Bennett. 1979. UDP-galactose inhibits blasto- 
cyst formation in the mouse. Dev. Biol. 73:178-181. 

Spindle, A. 1980. An improved culture medium for mouse blastocysts, In Vitro. 
16:669-674. 

Spindle, A. I,, and R. A, Pederson. 1973, Hatching, attachment, and outgrowth 
of mouse blastocysts in vitro: fixed nitrogen requirements. J. Exp. Zool. 
186:305-318. 

Steier, H. 1975. Heated microscope stage: a temperature control for live-cell 
microscopy. Lab. Prac. 24:417. 

Tamkun, J. W., D. W. DeSimone, D. Fonda, R. S. Patel, C, Buck, A. F. Hor- 
witz, and R. O, Hynes. 1986. Structure of integrin, glycoprotein involved 
in the transmembrane linkage between fibronectin and actin. Cell, 46:271- 
282. 

Thiery, J.-P., B, Boyer, G. C. Tucker, and A. DeLouvee. 1987. Adhesion sys- 
tems in embryonic and tumor cell migrations. International Congress on 
Cancer Metastasis. Bologna, Italy, 13. (Abstr.). 

Tomaselli, K., C. H, Damsky, and L. Reichardt. 1987. Interactions of a neu- 
ronal cell line (PC12) with the extracellular matrix proteins laminin, collagen 
IV, and fibronectin: identifcation of cell surface glycoproteins involved in 
attachment and outgrowth. J. Cell Biol. 105:2347-2358, 

Toole, B. P., and R. L, Trelstad. 1971. Hyaluronate production and removal 
during corneal development in the chick. Dev. Biol. 26:28-35. 

Tuszyuski, G, P., V. Rothman, A, Murphy, K. Siegler, L. Smith, S. Smith. 
L Karczewski, and K. A. Knudsen, 1987. Thrombospondin promotes cell- 
substratum adhesion. Science (Wash. DC). 236:t570-1573, 

Wayner, E. A., and W. G. Carter. 1987. Identification of multiple cell adhesion 
receptors for collagen and fibronectin in human fibrosarcoma cells possess- 
ing unique a and common b subunits. J. Cell Biol. 105:1873-1884. 

Weston, J. A. 1983. Regulation of neural crest cell migration and differentia- 
tion, In Cell Interactions and Development: Molecular Mechanisms. K. M, 
Yamada, editor. John Wiley and Sons, New York. 153-184. 

Wewer, U, M,, M. Faber, L. A. Liotta, and R. Albrechtsen. 1985. Immuno- 
chemical and ultrastructural assessment of the nature of the pericellular base- 
ment membrane of human decidual cells, Lab. lnv. 53:624-633. 

Wilson, I. B., and E. J, Jenkinson. 1974. Blastocyst differentiation in-vitro. J. 
Reprod. Fert. 39:243-249. 

Yamada, K. M., and D. W. Kennedy. 1984, Dualistic nature of adhesive pro- 
tein function: fibronectin and its biologically active peptide fragments can 
auto-inhibit fibronectin function. J, Cell Biol. 99:29-36. 

The Journal of Cell Biology, Volume 106, 1988 1348 




